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SUMMARY 



Engine test results are presented for simulated alti- 
tude conditions. A di splacer-piston combustion chamber on 
a 5- by 7-inch single-cylinder compression-ignition engine 
operating at 2,000 r.p.m« was used. Inlet-air tempera- 
tures equivalent to standard altitudes up to 14,000 feet 
were obtained by using solid C0 2 , Prestone solution, and 
kerosene in an air-cooling and dehumidif ying apparatus. 
The inlet air was throttled and the exhaust surge tank 
evacuated to give pressures corresponding to the standard 
altitudes. The inlet-air temperature, inlet-air pressure, 
and inlet and exhaust pressures were also varied over a 
wide range and over a range of fuel quantities from part 
load to maximum load. 

Comparison "between maximum performance £'t altitude of 
the un sup er charged compression-ignition engine and a car- 
buretor engine showed that the compression-ignition engine 
compared favorably with the carburetor engine. 

Analysis of the results for which the inlet-air tem- 
perature, inlet-air pressure, and inlet and exhaust pres- 
sures were varied indicates that engine performance cannot 
be reliably corrected on either the basis of inlet-air 
density or weight of air charge. Engine power increases 
with inlet-air pressure and decreases with inlet-air tem- 
perature ^ very nearly as straight-line relations over a 
wide range of air-fuel ratios. Correction factors are ac- 
cordingly sugge st ed. 

INTRODUCTION 



The effect of altitude on the performance of carbu- 
retor engines has been thoroughly investigated, but very 
little actual experimenting has been done in this country 
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to determine the effect of altitude on the performance of 
a comprossion-igni tiorl engine. The purpose of this report 
is to present the results of tests that were made during 
the latter part of 1926 at the Langley Field laboratories 
of the H.A.C.A. Tests were made on a compr e s s i on- igni t i on 
engine f< r simulated altitude conditions and various com- 
binations of inlet-air temperature and pressure and ex- 
haust "back pressure. 

In order to make the most accurate altitude tests of 
any type of engine, an altitude chamber similar to the 
one at the National Bureau of Staxidards (reference 1) is 
desirable; however, if such equipment is lacking, reliable 
results can "be obtained by the methods described in the 
present paper. The general test procedure used in this 
investigation may be called an "approximate" method. Re- 
sults obtained by this approximate method have been di- 
rectly compared with results obtained by the National Bu- 
reau of Standards in an altitr.de chamber (reference 2); 
the discrepancy between the data obtained by the two meth- 
ods is so small as to be within the limits of exr)er imen tzl 
accuracy. The approximate method of making altitude tests 
has been used for some time by the air services for test- 
ing carburetor engines. 

All changes in altitude are, fundamentally, changes 
in air density as a result of changes in the temperature 
and pressure. These factors are present regardless of 
supercharging and have a pronounced effect on engine per- 
formance. The scope of these tests was accordingly broad- 
ened to include the effect of a wide range of temperatures 
and -orossures of the inlet air. 



APPARATUS AND TESTS 

Test Engine 

The development of the di s;olacer-"oi ston combustion 
chamber and fuel-spray arrangement used in these tests 
(see fig. 1) has been completely described in references 
7: and 4, The more important parts of the test unit and 
some test conditions were as follows? 
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Engine Single-cylinder 4-stroke cy- 

cle, 5-inch "bore by 7-inch 
stroke (137.5 cu» in. dis- 
placement ) . 

Engine speed 2,000 r.p.m. 

Compression ratio . . . . 14.5. 

Valve timing Inlet opens 27° 3.T.C. 

Exhaust opens 66° 3.E.C. 
Inlet closes 28° A. B.C. 
Exhaust closes 41° A.T.C. 



Fuel 

Fuel-injection pump . . . 
Fuel— in;} ection valve . . 

Por/er measurement and 
absorption 

Slower s 

Operating temperatures . 

Air- and fuel- con sump t ion 
measurements 



Auto Diesel fuel; 0.83 spe- 
cific gravity at 60° F • ; 42 
sec. Saybolt Universal vis- 
cosity at 100° F . ; 62 cetr.ne 
nu:a"ber . 



Synchronized electrically op- 
erated stop watches and rev- 
olution counters. 



N .A. C • A. cam-operated, con- 
stant-stroke typ e . 

N.A.C.A. automatic, spring- 
loaded to 3,5 00 lb. per 
sq. in. opening pressure 
(injection period 25 crank 
degrees at 3*56 X 10~ 4 lb. 
per cycle). 



Electric dynamometer unit. 

Inlet: 4-inch Roots type, 

separately driven. 
Exhaust: 8-inch Roots type, 

separately driven . 

Water (out) 170° F. 
Lubricating oil (out) 175° F. 



M ax i mum- cylinder-pressure 
indicator ....... 



Trnpp ed-pr es sure typ e . 
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Air-Conditioning Equipment 

A photograph of the equipment assembled to simulate 
altitude conditions is reproduced as figure 2 and a dia- 
grammatic representation of the apparatus is presented in 
figures 3 and 4. In figure 3 "by an adjustment of the gate 
valve D in the air line to the inlet surge tank L any 
reduction in inlet pressure could be maintained at the en- 
gine inlet, the pressure "being indicated "by a mercury ma- 
nometer S connected at a point about 18 inches from the 
intake port. The Roots blower H connected to the ex- 
haust tank I was used to evacuate the tank to the pres- 
sure corresponding to the altitude that was being simulated. 

The chief difficulty in altitude tests is, of course, 
the problem of reproducing the corresponding air tempera- 
ture, "For these tests the air-cooling apparatus shown in 
figure 4 was designed and constructed. Because of the 
necessity of taking care of the moisture as it was con- 
densed out of the air, the cooling of the air was divided 
into two stages. In the first stage a 50-50 solution of 
Prestone and water was used as the coolant, Prestone being 
selected because it is hygroscopic and can be used to ab- 
sorb water condensed from the cooled air. The 50-gallon 
tank of the coolant was directly charged with 40-pound 
cakes of solid C0 2 until the temperature was reduced to 
approximately -20° F . The rate of charging was controlled 
to hold this temperature during the operation of the sys- 
tem. In the second stage, kerosene was used as the cool- 
ant because the temperature could be lowered without a de- 
cided increase in viscosity. As before, 40-pound cakes 
of solid C0 2 were placed into the 50-gallon tank of ker- 
osene and the temperature was maintained between -35° and 
-40° I\ 

Inlet air for the engine w t as brought into the first- 
stage cooler for dehuini dif y ing and cooling. This cooler 
consisted of a radiator having 60.9 square feet of cooling 
area with 27.7 square inches of area for the air flow. 
The rate of flow for the engine-operating speed of 2,000 
r »p»m» was approximately 70 cubic feet per minute at sea- 
level pressure. Circulation of the cold Pr est one-water 
solution through the tubes of the radiator cooled the 
first-stage cooler. A secondary de-icing circulation was 
maintained to spray the outside of the tubes with the same 
solution. This de-icing spray was necessary to prevent 
the radiator from becoming clogged with ice. The air and 
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de-icing spray at a temperature of a "bout -5 F. passed to 
the snow box where the entrained solution, which had taken 
up the moisture fron the air, was settled out. In the 
second stage the cold dry air vent to two kerosene coolers 
of the sane capacity as the Prostone cooler, arranged in 
parallel, where it was further cooled to -30° F. 

Although the temperature of the air leaving the sec- 
ond-stage coolers could be kept at -30° F. , the lowest air 
temperature at the engine was -3° F. owing to the absorp- 
tion of heat from the room. This rise in temperature ob- 
tained despite 2 inches of hair-felt lagging on the piping 
and surge tank. Computations indicated that little bene- 
fit would bo gained by additional lagging. With a reduc- 
tion in inlet pressure and the consequent reduction in rat 
of flow, the lowest air temperature that could be held was 
8° T 9 which, in a standard atmosphere, corresponds to an 
altitude of 14,300 feet (reference 5). 

The equipment just described was used to make engine 
tests at simulated altitudes from sea level to 14,000 feet 
and runs for which the inlet-air t emp eratur e , inlet-air 
pressure, and exhaust back pressure were controlled as sin 
gle variables. Electric air heaters were used to obtain 
inlet-air temperatures from room temperature to 256 F. 



RESULTS AND DISCUSSION 
Engine Performance at Altitude 

Un supercharged. - Figure 5 shows the variation of indi 
cated and brake engine performance for the obtainable 
range of standard altitudes from sea level to 14,000 feet. 
The maximum cylinder pressures decreased with increasing 
altitude, the values shown being optimum to give maximum 
mean effective pressure at each altitude. Any further in- 
crease in injection advance angle at any altitude would 
have increased the maximum cylinder pressure with no fur- 
ther gain in engine performance. It is noteworthy that 
the family of curves of mean effective pressure converge 
to a single curve below 1.5 x 10" 4 pounds of fuel "oer cy- 
cle. Figure 5 also shows that, at any altitude, maximum 
power is obtainable with but little increase in fuel con- 
sumption over that at sea level. 
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The decrease in maximum sea- level power with alti- 
tude for the single-cylinder tost engine is shown in fig- 
ure 6 conpared with that of a 12-cylinder un sup er charged 
carburetor engine. The carbur etor-enginc data are given 
on a brakc-hor sepower "basis and are representative of the 
"best carburetor-engine performance obtained under standard 
altitude conditions (reference 6). Both brake and indi- 
cated single-cylinder performances are shown because the 
sea-level mechanical efficiency was only 76 percent, where' 
as that of the carburetor engine was 88 percent, A multi- 
cylinder compression-ignition engine would have a suffi- 
ciently high mechanical efficiency (reference 7) to give a 
percentage change in power with altitude equal to or bet- 
ter than that of the carburetor engine. 

Previous reports of the altitude performance of -air- 
craft compression-ignition engines have indicated that 
this type of engine loses oower much less rapidly with in- 
creasing altitude than does the carburetor engine. It is 
possible that this conclusion may have been drawn because 
the engines were operated with excess air at sea level so 
as to give a clear exhaust; whereas with increasing alti- 
tude the air-fuel ratio was decreased toward maximum power 
(fig* 5) at the expense of a smoky exhaust. Comparison 
under these conditions is unfair to the carburetor engine. 
The results of figure 6 show that, for the same inlet-air 
conditions, the performances of the two types of engines 
are approximat ely the same. 

When the altitude performances of the two types of 
engine are compared, however, consideration must be given 
the fact that the compression-ignition engine can induct 
its air at the low temperatures existing at altitude and 
thereby obtain a maximum weight of air charge. 

For the simulated altitude tests of figure 5 there 
was no sign of misfiring at the 14,000-foot altitude con- 
ditions but, with the continued decrease in compression 
temperature and pressure, a critical altitud.e might be 
reached where compression ignition would cease. Then heat 
would have to be added, or the inlet-air pressure boosted, 
so that more heat - although not a higher temperature - 
would be available to cause ignition. If ignition con- 
tinues raid, the compression-ignition brake curve of figure 
6 is extended, zero brake mean effective pressure is indi- 
cated at about 34,000 feet for the unsup ercharged engine. 
For a mult i cylinder engine with its greater mechanical ef- 
ficiency the maximum altitude of operation would be corre- 
spondingly higher. 
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There remains the question of whether the tempera- 
ture at the end of . compression is sufficiently high at 
34,000 feet to cause ignition. In order to answer this 
question, the temperature at the end of compression for a 
series of inlet-air temperatures from 250° P. to 0° F. 
was calculated from the compression pressure and weight of 
air charge and the results plotted as a curve of final 
temperature against inlet-air temperature. The curve was 
then extrapolated hack to the minimum temperature of the 
troposphere, -67° F., and the temperature at the end of 
compression obtained from the curve. This temperature, 
980° F., was considered sufficiently high to insure 
against failure of ignition owing to low inlet-air tem- 
perature. Therefore, the prediction made from the exten- 
sion of the altitude curve shown in figure 6 seems reason- 
able, i#e«, that operation of the engine could "be obtained 
up to an altitude of 34,000 feet. It seems that the inlet 
air would have to be heated but little, if any, to insure 
ignition even at the lowest .atmospheric temperatures. 

In May 1934 a Bristol Phoenix' compression-ignition 
engine tras flown to 27,4-50 feet where the atmospheric air 
temperature was -40° F • (reference 8). This engine had a 
compression ratio of 14.0 and was supercharged to 7,000 
feet. Ho failure of combustion was indicated at the maxi- 
mum altitude attained. 

A summary of the effects of altitude temperature and 
pressure on friction and charging characteristics of an 
unboosted engine is shown in figure 7. The decreasing 
weight of air charge causes the motoring compression pres- 
sure to decrease and likewise causes the friction mean ef- 
fective pressure to decrease. The mechanical efficiency 
also decreases because the brake m :an effective pressure 
decreases much faster than the friction mean effective 
pressure. The low compression pressure of 290 pounds per 
square inch at 14,000 feet resulted in an increase in ig- 
nition lag from 11° to 21°, the rates of pressure rise 
became extremely high, and engine operation became rough. 

S u-Q er charged * - In the case of a supercharged com- 
pression-ignition engine, full blower pressure can be used 
at sea level and for any length of time as the engine has 
no limitation imposed by detonation or prcignition char- 
acteristics of the fuel. Figure 8 shows the effect of 
boosting with sea-level exhaust conditions and with con- 
stant inlet-air temperatures of 87° F« Power increases 
quite steadily with boost pressures but, for the pressure- 
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rise type of combust ion upon which this engine operates, 
it is necessary to increase the maximum cylinder pressure 
in order to ootain the maximum increase in power from the 
higher "boost pressure. Engine operation is very smooth 
under "boosted conditions "but the power is not quite maxi- 
mum as the maximum cylinder pressure is limited to 1,100 
pounds per square inch at 20 inches "boost. The fuel con- 
sumption decreases at practically all fuel quantities with 
increase of "boost -oressure. The results of this test and 
of the following tests of the effects of boosting are not 
corrected to a mul t i ey 1 in der basis nor for power to drive 
the supercharger, factors that would tend to cancel each 
other. The power and fuel consumption as discussed and as 
shown on the curves are, therefore, on a gross basis. 

Results for a similar range of boost pressures were 
also obtained for a series of exhaust back pressures equiv- 
alent to altitudes up to 19,000 feet. The boosted tests 
at the altitude exhaust pressures had the same general 
characteristics as shown in figure 8, except that each de- 
crease in exhaust back pressure caused an increase^in mean 
effective pressure and a decrease in fuel consumption. 

Further boo st ed- altitude data for maximum power are 
shown in figure 9, for which the boosted brake mean ef- 
fective pressure is corrected to show the value for in- 
duction air at the standard altitude temperature, as will 
be discussed later. The unboosted brake mean effective 
pressure decreases rapidly; T ~hereas, by boosting to con- 
stant manifold pressures and cooling the inlet air to 
standard altitude temperature, the gross brake mean ^ ef- 
fective pressure will increase with altitiide. The in- 
creases in the brake mean effective pressure result from 
diminishing exhaust back pressure and, to a greater ex- 
tent, from the low air temperatures' of the particular al- 
titude. The results at 35 and 45 inches of Hg manifold 
pressure are for limiting conditions of air temperature 
as cooling to the altitude temperature could never be en- 
tirely achieved. Furthermore, the boost pressure of 45 
inches of Kg is extremely high, approximately 31 inches 
of Hg above the altitude pressure at 19,000 foot, so that 
the cost of obtaining the boost pressure would be^ large. 
The gross brake mean effective pressure of about 22b 
pounds Tier square inch, however, is obtainable at a 19,000- 
foot altitude at a maximum cylinder pressure of about 1,100 
pounds per square inch. At 35 inches of Eg absolute pres- 
sure and at an' altitude of 13,000 feet, the torque required 
to o-oerate a blower, if an over-all adiabatic efficiency oi 
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70 percent is assumed, would be equivalent to 26 pounds 
per square inch mean effective pressure, leaving a net 
brake mean effective pressure of 158 pounds per square 
inch. Under the same conditions, out with 45 inches of 
Hg "boost, approximately 43 pounds per square inch mean ef- 
fective pressure would he required, leaving a net brake 
mean effective pressure of 182 pounds per square inch. In 
both cases, the power required assumes the air delivered 
to the engine to "be cooled to the altitude temperature. 
As has "been previously pointed out, this condition is im- 
possible and is only presented as representing the maximum 
power conditions. 

Effect of Air Pressure on Engine Performance 

In order to determine how engine performance is in- 
fluenced "by reduction in inlet-air pressure alone, varia- 
ble fuel-quantity tests were made for several degrees of 
throttling of the inlet air to pressures, as noted in fig- 
ure 10. The temperature of the inlet air and the exhaust 
back pressure were kept constant at 66° F. and 30.5 inches 
of Hg, respectively. Engine operation was oecoming rough 
at an inlet pressure of 21 inches of Hg and a run at an 
inlet pressure o.f 17 inches of Hg could not be ma.de "because 
the engine would not maintain the test speed of 2,000 r •p»m« 
even without load. For the conditions of these tests where 
valve overlap was used and the exhaust pressure was greater 
than the inlet pressure, the scavenging and charging of the 
engine were exceptionally poor. The variable fuel-quantity 
curves have the same characteristics as those of the alti- 
tude tests and show the same convergence r.t decreasing fuel 
quantity and inlet-air pressure. Although the maximum cyl- 
inder pressures are different for the different inlet pres- 
sures, the mean effective pressures are optimum in all 
cases. 

In order to determine the effect of air pressure on 
inlet and exhaust, the intake air pressure and exhaust 
back pressure were varied together with constant intake 
temperature of 82° F. This condition can be considered as 
an an altitude test using an air heater to maintain the in- 
let air at a constant temperature, a common practice in 
the operation of carburetor engines. 

The test results are shown plotted on figure 11. The 
shapes of the pc>wer curves are similar and, except for the 
values represented, are identical with those of the true- 
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altitude tests. In this case, too, the maximum cylinder 
pressure decreased with decrease in air pressure even 
though the injection advance angle was at all times main- 
tained at an optimum value. The maximum cylinder pressure 
could have "been kept nearly constant during the variation 
in air pressure out there would have "been no increase in 
power and the rates of pressure rise would have "been ex- 
cessive* At each air pressure the minimum advance angle 
was used that would give maximum power. 

The operation of the engine became rough with decreas- 
ing air pressure until, at the lowest pressure for which- a 
variable load run was made, there was considerable combus- 
tion knock* This knock occurred at a pressure altitude of 
19,200 feet; on a density basis the equivalent altitude 
would have been 24,700 feet. At a pressure altitude of 
25,000 feet the engine would no longer run at 2,000 r.p.nu; 
however, operation could be obtained at lower speeds and 
at 1,500 r *p»m« the brake load was appreciable. Operation 
was. obtained at a pressure altitude of 30,000 feet but the 
maximum load was very light and the speed was only 850 
x>p 9 m» The compression pressure under these conditions 
was 120 pounds per square inch. The exact point at which 
firing stopped could not be obtained with the equipment 
assembled for these tests "but it was only slightly in ex- 
cess of a pressure altitude of 30,000 feet. 

A summary of the effects of inlet-air pressure on en- 
gine -cower and maximum cylinder pressure, is shown in fig- 
ure 12. The mean effective pressures plotted in figure 
12 are the maximum obtainable and the points at pressures 
less than sea level were taken from figure 10 and figure 
11 at the lowest fuel quantity giving the maxi mum power. 
It go happened that the air-fuel ratio was nearly constant 
for these maximum points. The boosted section of the 
curves of figure 12 is for optimum power regardless of max- 
imum cylinder pressure and also for power when limited by 
maximum cylinder pressure. 

The slope of the boosted curves can be influenced by 
maximum cylinder pressure but the slope of the throttled 
pressure curves is influenced only by inlet-air pressure. 
Although only three points were taken for the test in which 
inlet pressure only was varied, additional results also in- 
dicate that the trend with inlet-air pressure is practic- 
ally a straight line of 7.4 pounds per square inch increase 
in both brake and indicated mean effective pressure for 1 
inch of Hg increase in inlet-air pressure. This rate of 



1J.A.C.A. Technic.?.! Note Ho* 619 



11 



increase holds only for throttled inlet air as shown by a 
comparison with the unlimited cylinder pressure "boosted 
tests. The high rate of increase in the throttled tests, 
where the exhaust pressure is greater than the inlet pres- 
sure, is due to the change in scavenging as well as charg- 
ing with increase in inlet pressure. When the inlct-air 
pressure "becomes equal to or greater than the exhaust pres- 
sure, the combustion chamber is well scavenged and the in— 
crease in mean effective pressure is duo only to increased 
weight of air charge. 

T7hen inlet and exhaust pressures were varied, the 
slope of the line for maximum indicated mean effective 
pressure shown on figure 12 is 6.0 pounds per square inch 
per inch of Hg absolute, which is also at a constant air- 
fuel ratio. The effect of pressure at different air-fuel 
ratios was investigated by picking the corresponding in- 
dicated mean effective pressures off the curves shown in 
figure 11 J the results are plotted in figure 13. A family 
of curves of this type could be used for correcting the 
power of this compression-ignition engine over a wide 
range of loads for changes in barometric pressure. 

Effect of Inlet-Air Temperature on Engine Performance 

The effect of inlet-air temperature on. engine perform- 
ance under sea-level conditions of inlet and exhaust pres- 
sure was determined for various fuel quantities and the 
results are plotted in figure 14. During these tests the 
barometric pressure variation was *0»4 percent and the ex- 
perimental error was approximately *1 percent. The test 
results show the effect of inlet-air temperature for a 
practically constant air pressure. The curves of mean ef- 
fective pressure and fuel consumption have the same con- 
vergence as the curve of altitude and air— pressure varia- 
tion previously discussed. Maximum power for each temper- 
ature run of figure 14 occurs at an air-fuel ratio that is 
nearly constant at 12-1/2. 

When rcplotted against temperature in figure 15, the 
indicated mean effective pressures at a series of air- 
fuel ratios from 12-1/2 to 25 are seen to vary nearly as 
straight lines. From air-fuel ratios 12-1/2 to 20 the 
slope of the lines is practically constant. For purposes 
of correcting indicated mean effective pressure for dif- 
ferences in inlet-air temperature, the slope of the curves 
shown in figure 15 may be used. For the engine tested, 
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the slope of the curves for air-fuel ratios from 12—1/ 2 to 
20, inclusive, was 0.22 pound per square inch increase in 
mean effective pressure for each degree Fahrenheit decrease 
in temperature of the inlet air. 

A summary of subordinate test results similar to fig- 
ure 7 is shown in figure 16 for bcxth pressure and tem- 
perature variations. In the analysis of these curves it 
should "be remembered that increasing air temperature and 
air pressure have opposite effects on air density and 
weight of air charge. This fact explains why the curves 
of figure 16 are of opposite slopes and in most cases 
cross each other. Although the injection advance angle 
was increased with increasing inlet-air temperature to 
maintain a constant maximum cylinder pressure, the engine 
operation did not "become rough. In fact, engine opera- 
tion was smooth throughout the range of temperatures in- 
vestigated. 

A section of the curve of air weight against pressure 
is shown as a "broken line because, at inlet pressures 
greater than standard sea level, the overlap of the en- 
gine valves permitted some air to pass through the engine 
so the.t the actual air-charge weight was less than the 
measured weight* A volumetric efficiency of 100 percent 
was assumed for such inlet conditions and weights of boost- 
ed air charge were calculated on this basis. It is recog- 
nized that, because of the valve overlap of 68° used, all 
air weights presented are subject to question; however, 
for unboosted conditions the error should be small* Vari- 
ation of compression pressure, friction mean effective 
pressure, and mechanical efficiency follow in most cases 
from the variation of weight of air charge. When the in- 
let pressure alone was varied, there was a large change in 
volumetric efficiency, but for the other two conditions 
the change was not very great, A small but definite in- 
crease in volumetric efficiency can be noted with increase 
in inlet-air temperature. Volumetric efficiency, as used 
in this report, is defined as the ratio of the actual vol- 
ume of air inducted by the engine on each cycle at the 
temperature and pressure conditions of the air in the in- 
let manifold to the displacement volume of the engine. 
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Effect of Air-Charge Density and Weight on 

Engin e Performance 

In most engine-performance corrections, air-fuel ra- 
tio and inlet-air density are considered fundamental fac- 
tors. In this report a range of air-fuel ratios including 
the one giving maximum engine performance has "been consid- 
ered and comparisons have "been made on the "basis of maxi- 
mum engine performance. Figure 17 is a plot of maximum 
engine performance for inlet-air densities obtained "by in- 
dependently varying the temperature and pressure to de- 
termine the existence of a direct variation of engine per- 
formance with inlet-air density. For the sane air densi- 
ties the curves of mean effective pressure are displaced 
one from another and are of different slopes depending 
upon how the inlet-air density was obtained. Evidently 
density of inlet air cannot he used as a ha sis for cor- 
recting, engine power because power does not vary directly 
as the inlet-air density. 

From a further continuation of the analysis, it was 
thought that the air-charge weight differed when the tem- 
perature and pressure were independently varied. Figure 
18 was prepared on the basis of weight of air charge, and 
better agreement is shown over a longer section of the 
curves. At low weights of air charge, as given by heat- 
ing the inlet air, there still is increasing divergence 
of the curves. Apparently weight of air charge is a better 
method of correction than density of inlet air, but even 
then there ic not complete agreement for corrections at 
high inlet-air temperatures. The variations of power for 
the boosted section of the curves are straight lines be- 
cause in these tests a maximum cylinder pressure of 1,100 
pounds per square inch was selected for the pressure at 20 
inches of Eg boost and, for each increase in boost above 
5 inches of Hg, the maximum cylinder pressure was allowed 
to increase in equal increments. 

In this report, maximum engine performance has been 
stressed regardless of air-fuel ratio. The air-fuel ratio 
for the altitude test for maximum performance was 12-1/2; 
for the inlet-pressure variation, ll-i/2; for the inlet and 
exhaust-pr essure variation, 1?; and for the in let- a ir- 
temperature variation, 12-1/2. If a constant air-fuel ra- 
tio had been chosen, the performances obtained would not 
have been maximums in all cases. Neither would perform- 
ances at the same air-fuel ratio have been equal on the 
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curves of air density or of weight of air charge. For 
example, if a constant air-fuel ratio had been taken in 
figure 18, the curves would have been separated rather 
than being in partial agreement. Although maximum per- 
formance was used for the purposes of comparison, the 
curves at other air-fuel ratios, .presented in figures 13 
and 15, are necessary for the complete calibration of the 
engine . 

Variation in humidity is not "believed to have influ- 
enced the test results inasmuch as the maximum variation 
in weight of water vapor was only ±0.6 percent. Carbu- 
retor-, engine f ests (reference 9) have indicated that hu- 
midity affects engine -oower only to the extent of dis- 
placing air with water vapor, thus reducing the weight of 
air available for combustion; the variation caused "by hu- 
midity changes was less than the experimental error. 

In the foregoing analysis, methods have been kept in 
mind of correcting corn-ores sion~ig:ii tion engine performance 
to standard conditions. The most commonly accepted meth- 
od is based on density of the inlet air. Results in fig- 
ure 17 show this method to "be incorrect. The commonly ac- 
cepted method for spark-ignition engines, i.e., directly 
as the inlet-air pressures and inversely as the square 
root cf the absolute temperatures, was tried and it was 
found that it did not apply to compression-ignition en- 
gines. Before the correction factors presented in this 
report can "be generally applied, calibrations similar to 
those of this investigation are needed on many ty;oes and 
designs of compression-ignition. engines. 

Effect of Exhaust Back Pressure on Engine Performance 

The effect of exhaust back pressure on the perform- 
ance of a compression-ignition engine is important because 
first, hack pressure decreases with altitude and, second, 
back pressure increases with the application of an cxha.ust 
driven turbo centrifugal supercharger. Figure 19 shows the 
effect on the mean effective pressures of varying the ex- 
haust hack pressure as a single variable. Inlet air was 
maintained at sea-level pressure and 85° P. The curves 
are discontinuous at sea-level, hack pressure because the 
curves are from two series of tests made at different max- 
imum cylinder pressures, as noted on the figure. With de- 
creasing back pressure the steady reduction in friction^ 
mean effective pressure causes most of the improvement in 
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brake mean effective pressure. The trend of the indicated- 
power curve does net show the expected steady increase 
with decrease in "back pressure. A possible explanation 
for its variable trend is that the decreasing back pressure 
first helps to improve clearance-volume scavenging and to 
increase the weight of air charge and then, finally, the 
large pressure difference during the ralvo- overlap period 
upsets the ensuing air charging, For pressures greater 
than those prevailing at sea level, the engine performance 
is adversely affected and cat an increasing rate. 

These curves showing the effect of back pressure on 
the exhaust indicate that a turbo sup er charger would be de- 
sirable for use with this type of engine, inasmuch as the 
part of the carve at reduced exhaust pressure shows that 
relatively little gain in power is obtained from the reduc- 
tion in back pressure* Therefore, if the pressure on the 
exhaust is maintained constant and the increased pressure 
drop through the turbine with increase in altitude is used 
to hold the inlet pressure constant, the net loss of power 
to the supercharger is relatively small. The curves of 
positive pressure show that care must be exercised in the 
design to insure that the exhaust pressure does not become 
greater than the inlet pressure because the power drops 
off rapidly with increase in back pressure. 

Indicator Cards 

Figure 20 shows five indicator cards obtained while 
the engine was operating at the several conditions of this 
series of tests, T7hen studying these indicator cards, it 
must be remembered that widely different inlet-air tempera- 
tures and pressures were used. Both weight of air charge 
and weight of fuel charge were varied with each condition 
so that an indicated mean effective pressure comparison is 
usually not possible. Card (c) was taken while the engine 
was operating at normal unboosted sea-level conditions and 
is presented for purposes of comparison. For card (c) en- 
gine operation was smooth and regular. Comparing card (a) 
with card (c) shows the effect of altitude on the indicator 
card. The compression pressure is lowered, although it is 
a,bout 50 pounds per square inch higher than for the motor- 
ing compression data of figure 7 owing to heat absorption 
from the cylinder walls. This lowered compression pres- 
sure with the resultant decrease in air density and temper- 
ature caused the ignition lag to increase, as can be seen 
from the cards, and permitted a greater accumulation of 
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fuel prior to ignition. Then, upon ignition the rate of 
pressure rise is higher and is nearly a straight line as 
the rough operation previously noted had indicated. The 
high maximum cylinder pressures are of little use "because 
they do not appreciably increase the area of the indicator 
card* 

Card (b) was taken while the engine was operating 
with sea-level inlet air and exhaust "back pressure hut 
with an inlet-air temperature of 1° F • Ignition lag is 
affected little, if any, "by the low inlet-air temperature 
while smoothness of operation was further improved, as 
the lowered rate of pressure rise would indicate. Compar- 
ing cards (a) and (b) shows the effect of air pressure or 
density on ignition lag. Although the inlet-air tempera- 
tures were slightly different, 8° F« compared with 1° P., 
the large decrease in ignition lag is caused "by the in- 
crease in inlet-air pressure or density. 

Effects of high inlet-air temperature are shown by 
cards (&) and (e), the difference between the two cards 
"being maximum cylinder pressure rand rate of pressure rise 
as controlled "by injection advance angle. Card (d) is for 
the same injection advance angle as card (c) and shows the 
effect of inlet-air temperatures of 253° F. and 71° F. At 
the higher temperature the ignition lag was decreased, 
which in turn decreased the fuel accumulated at ignition 
and decreased the ensuing rate of pressure rise. Even the 
23-1/2° injection advance angle of card (e) did not give 
rough operation even with the early pressure rise that the 
card shows. The high inlet-air temperature and correspond 
ingly short ignition lag prevented excessive fuel accumula 
tion so that the rate of pressure rise is relatively low. 

CONCLUSIONS 

1. The altitude performance of an un supercharged 
compression-ignition engine compared favorably with a car- 
buretor engine; the low temperatures of altitude were es- 
pecially important in maintaining the power at altitude 

of the. compression-ignition engine. 

2. The sea-level performance of this un super charged 
compression-ignition engine cannot "be accurately corrected 
on the basis of air density or weight of air charge for 
differences of air temperature and pressure. Maximum per- 
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fornanco varied differently from part-load performance 
with air pressure and temperature changes. 

Z 9 Maximum sea-level un sup er charged performance of 
this compression-ignition engine can "be corrected, when 
maximum' cylinder pressure does not limit output, as fol- 
lows : 



For each inch of Eg increase in inlet-air pres- 
sure with constant sea-level exhaust pressure, add 
7,4 pounds per square inch indicated or brake mean 
effective pressure. 

Tor each inch of Hg increase in inlet and ex- 
haust pressure, add 6.0 pounds per square inch indi- 
cated or "brake mean effective pressure. 

For each °F. increase in inlet-air temperature, 
subtract 0,22 pound per square inch indicated or brak 
mean effective pressure. 

4* Maximum sea-level "boosted performance can he cor- 
rected as follows: 



For each inch of Eg increase in inlet-air pres- 
sure with conservative maximum cylinder pressures, 
add 4.0 pounds per square inch indicated or brake 
mean effective pressure. 

For each inch of Eg increase in inlet-air pres- 
sure with unlimited maximum cylinder pressure, add 
5,0 pounds per square inch indicated or brake mean 
effective pressure. 

5. Reduced exhaust "back pressure increased engine 
power slightly and increased exhaust hack pressure de- 
creased engine power at an increasing rate. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. , September 14, 1937. 
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Figure 3.- Diagrammatic sketch of engine and test equipment. 
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Figure 6.- Comparison of maximum powers of compression-ignition 
and carburetor engines at altitude. 
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Fig. 7 



© 

o 




8.L. 2,000 4,000 6,000 8,000 10,000 12,000 14,000 

Altitude, ft. 

Figure 7.- Effect of inlet-air condition* at altitude on engine 
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Fig. 8 




Fuel quantity, lb. /cycle 



Figure 8.- Effect of boost pressure on engine performance; 

inlet-air temperature, 87° F.,* sea-level exnaust 

pressure. 
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Fig. 9 
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Bffect of inlet ani ^xhaust pressure on indicated 
mean effective pressure over a range of air- fuel 
ratios; inlet-air temperature, 32°F. 
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Fig. 15 




Figure 15.- Effect of inlet-air temperature on sea-level performance 
ovt-r a ran^e of air-fuel ratios. 
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Fig. 16 
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Figure 16.- Effects of inlet-air pressure and temperature on 
various engine characteristics at sea level. 
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